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J.V.Nasta. Spatiotemporal Adaptations of Pseudomonas fluorescens to the Herbicide Dicamba in 
a Microbial Evolutionary Growth Arena. 85 pages, 3 tables, 13 figures, 2019. ASM style guide 
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In natural settings, bacteria respond to selective agents across spatiotemporal concentration 
gradients. In this work, a Microbial Evolutionary Growth Arena (MEGA plate) was constructed, 
optimized and tested for reproducibility as a tool to visualize bacterial adaptation to 
spatiotemporal gradients of selection. Using this system, Escherichia coli and Pseudomonas 
fluorescens adapted to a gradient of the antibiotic ciprofloxacin and the herbicide dicamba, 
respectively. Both gradients elicited adaptive responses from their respective study organisms, 
with MEGA plate E. coli isolates able to grow at high ciprofloxacin concentrations and P. 
fluorescens isolates demonstrating increased growth capabilities in subsequent exposures to 
dicamba, a loss of pigment production and an increase in antibiotic susceptibility. These 
experiments highlight how dicamba applications affect beneficial soil bacteria and confirm the 
reproducibility and utility of the MEGA plate system for visualizing spatiotemporal adaptation. 
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Rhizobacteria provide numerous ecosystem services to promote plant development, 
strengthen plant immune responses and antagonize plant-pathogenic bacteria and fungi in the 
soil. Anthropogenic herbicides, such as dicamba, threaten these rhizobacterial services by 
altering microbial community compositions, inhibiting bacterial enzymes and altering antibiotic 
resistance profiles. These herbicides stress rhizobacteria in the soil across spatiotemporal 
concentration gradients, which promote a faster development of resistance and create dynamic 
environments for selection to act on when compared to single-step exposures. In responding to 
these herbicides, rhizobacteria can activate generalized stress-response mechanisms, such as 
mutagenesis, modulating efflux/influx and transitioning into epigenetically heritable persistence 
phenotypes. Pseudomonas fluorescens is a model rhizobacteria due to its ubiquity in the natural 
environment, ease of culturing and numerous beneficial services provided to plant hosts. The 
response of P. fluorescens to spatiotemporal gradients of the herbicide dicamba has not been 
investigated and is important in ensuring that the usage of this herbicide is not threatening this 
organism’s ability to carry out beneficial ecosystem services. To understand this response, 
maximum growth rates and lag phase durations can be used as measurements of fitness of 
bacteria exposed to dicamba. 
THE RHIZOSPHERE: A DIVERSE ECOSYSTEM BUILT ON PLANT-MICROBE 
INTERACTIONS  
 
The rhizosphere is the region of soil that is directly influenced by root systems and their 
exudates and is host to complex communities of beneficial and pathogenic bacteria, fungi, 
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nematodes, macro-and micro-invertebrates (1-3). Microbial processes in the rhizosphere are 
critical in maximizing crop productivity (4,5) and maintaining plant health (6). In this 
environment, plant-growth-promoting rhizobacteria (PGPR) utilize the carbon secretions of the 
plant roots while providing benefits to the plant such as supplying fixed nitrogen (7), solubilizing 
phosphate for uptake (8), removing potentially harmful aromatic hydrocarbons from the soil (9), 
producing plant-growth-promoting volatiles (10), improving photosynthetic efficiency (11) and 
suppressing diseases/pests (12-14). To this end, there is growing interest on the use of 
rhizobacteria as bio-inoculants for a more economical and environmentally conscientious 
fertilizer, as opposed to potentially harmful synthetic agricultural chemicals (15-17). 
 
RHIZOBACTERIAL SELECTIVE PRESSURES: HERBICIDES 
 
Plant-growth-promoting-rhizobacteria are subject to natural abiotic and biotic selection 
pressures, such as changes in temperature, pH, water availability as well as predation and 
interspecific competition. Bacteria face adaptive pressure from the widespread use of herbicides 
(18) many of which are categorized as xenobiotics (compounds that do not occur naturally or 
exist only in very low concentrations) (19). Research on the effects of herbicides on soil bacteria 
began in the 1950’s (20,21) to elucidate some of the potential off-target effects of herbicide 
application on soil biota. Current research efforts in this field center around microbes that are 
capable of degrading herbicides and the transfer of herbicide-resistance between microbes and 
plant hosts (22, 23). Herbicides affect microbes differently depending on the mechanism of 
action, the specific microorganism and the degree of exposure. For example, the herbicide 
glyphosate impedes the growth of Chlorella spp.(24), while decreasing the nitrogen fixing ability 
of Azotobacter spp.(25), yet stimulates microbial respiration in ponderosa pine microbial 
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communities (26). Recent increases in herbicide application (18) could threaten microbial 
processes in the rhizosphere and elicit novel population-wide genetic changes in response to 
chemical stress (27). Therefore, understanding how rhizobacterial populations and communities 
adapt to xenobiotic herbicides is important to both the agricultural communities whose crops 
depend on these services and scientific communities interested in bacterial adaptation to 
anthropogenic stressors. 
DICAMBA: A RECALCITRANT CHLORINATED ORGANIC HERBICIDE 
 
  Dicamba (3,6-dichloro-2-methoxybenzoic acid) is one of the most commonly applied 
herbicides on soybean and cotton fields. First introduced in the 1960s, dicamba has surged in 
popularity to combat the increased prevalence of glyphosate-resistant weeds, with 20.5 million 
pounds of dicamba applied to soybean fields annually in the United States alone (28). Dicamba is 
a pre-and post- emergent broadleaf weed herbicide that antagonizes plants by mimicking auxin, a 
plant-growth hormone. This causes the affected plant to rapidly out-grow its nutritional supply 
and eventually starve.  
Dicamba is a chlorinated organic compound (FIG 1) and the chlorine constituent of the 
dicamba molecule confers recalcitrance in the environment. The chlorine atoms interfere 
sterically and electronically with the ability of bacterial dioxygenases to degrade dicamba’s 
aromatic ring constituent due to their large size and strong electronegativity (29). C-Cl bonds are 
highly stable and therefore difficult for microorganisms to separate. Although dicamba’s 
antagonistic mechanism to soil bacteria is not well understood, other chlorinated organics such as 




  synthesis and induce the production of endogenous reactive oxygen species (30,31)  
ADAPTIVE RESPONSES OF MICROORGANISMS TO STRESS  
 
Stress-induced/Adaptive Mutagenesis.  Bacteria can adapt to herbicides using several 
strategies, such as mutagenesis (stress-induced or adaptive), epigenetic inheritance, or expressing 
generalized defense mechanisms (e.g., efflux pumps, porin manipulation, biofilm formation). It 
is important to note that these strategies are not mutually exclusive and are often used in 
combination (32). Stress-induced mutagenesis is a strategy in which bacteria decrease their 
genomic stability to increase the likelihood of developing a beneficial mutation in the presence 
of a stressor (29). There is no universal mechanism for stress-induced mutagenesis, but rather 
two common mechanisms: Activation of the bacterial SOS-response and an RpoS-mediated shift 
to error prone DNA double-stranded break repair (DSBR) (33,34). The bacterial SOS response is 
triggered by DNA damage or replicative stress and results in the upregulation of several 
FIG 1.1: Molecular structure of dicamba (3,6-dichloro-2-
methoxybenzoic acid). Figure from Bunch et al. 2012. 
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mutagenic genes such as umuC in Escherichia coli, which codes for a protein that increases 
nucleotide substitutions (35,36). Paraquat, an herbicide for weed and grass control, can induce 
such replicative stress on E. coli by inhibiting DNA synthesis (37,38). Error-prone DSBR 
induces mutagenesis by increasing the potential for localized mutation around double-stranded 
breaks. This mechanism is commonly triggered in response to genotoxic antibiotics but 
herbicides such as alachlor and metolachlor have shown genotoxicity to Vibrio fischerii (39). 
Adaptive mutagenesis is a controversial mechanism that differs from stress-induced mutagenesis 
in that it develops a beneficial mechanism specific to a given stressor (40). In many cases, it can 
be difficult to separate adaptive mutagenesis from the natural selection of random mutations (41) 
as the adaptation must demonstrate specificity to the stressor and not be a product of random 
chance. Despite this, several herbicides have been implicated with inducing an adaptive 
mutagenesis response (42,43).  
 Epigenetic Inheritance and Persistence. Epigenetic inheritance is the vertical 
transmission of a parent cell’s phenotypic state, without corresponding changes in the genome 
(44). Bacterial epigenetic inheritance is often driven by positive feedback-loops, in which an 
exogenous signal stimulates an activator that continually upregulates itself even in the absence of 
the signal (45,46). These self-propagating activators can be inherited in this “active” state, 
continuing their auto-expression in the daughter cells (whereas non-propagating activators will 
be in the “inactive” state in daughter cells).  Bacteria can also epigenetically inherit cytosolic 
cellular machinery, such as autophosphorylated kinases, which, if they were in the active-state in 
the parent cell, will be in the active-state in the daughter cell, regardless of whether the original 
stimulus is present (47). This is advantageous for the daughter cells as it provides pre-adapted 
cellular machinery at the time of cell-division. 
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Daughter cells can also epigenetically inherit a persistence phenotype from their parent cell (48). 
This phenotype is a transient, physiological cell-state of reduced metabolic activity, or 
“dormancy”, that facilitates “waiting-out” the presence of a stressor. Transitioning to a 
persistence phenotype has been shown to be advantageous in rapidly-changing environments as a 
bet-hedging strategy, in which a small subset of the bacterial population forgoes growth and 
proliferation to minimize the chances of extinction when stressors are present (49). The 
persistence phenotype is likely advantageous in herbicide-controlled fields, as herbicides are 
applied at regular time intervals and their concentrations can fluctuate due to external factors 
(degradation, runoff, etc).   
 Expression of Generalized Defense Mechanisms – Modulating Efflux, Influx and 
Biofilm Formation. Bacteria express several general defense mechanisms in response to 
chemical stressors, such as the production of membrane-bound efflux pumps, decreasing 
membrane porins and increasing biofilm formation. Efflux pumps and membrane porins both act 
by limiting the ability of the herbicide to accumulate within the cell and therefore decrease its 
interaction with internal cellular components (50). Efflux pumps prevent accumulation of 
harmful compounds in the cell by actively expelling them into the extracellular environment. 
These pumps confer resistance to many antibiotic compounds and therefore have been the 
subject of extensive clinical research using human pathogenic bacteria such as Pseudomonas 
aeruginosa, Acinetobacter baumanii and Staphylococcus aureus (51-53). Membrane-bound 
porins can be manipulated to control cellular influx. For example, in response to chlorophenoxy 
herbicides, Pseudomonas putida will upregulate porin expression and transporter proteins to 
facilitate the uptake of alternative substrates, shifting metabolic pathways (54). In this manner, 
porins provide an indirect adaptive strategy by increasing metabolic diversity in response to the 
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stress. Porins can also be downregulated as a more direct adaptive mechanism, limiting the entry 
of a chemical stressor into the cell. For example, E. coli limits its interaction with the herbicide 
dicamba by both increasing efflux pump expression and decreasing the expression of outer 
membrane porins available for herbicide-entry (55). These mechanisms are often epigenetically 
inheritable and reversible, as they are energetically costly to maintain in the absence of stress, 
impair normal cell function and negatively impact cell growth (32) 
 Biofilm formation is another general defense mechanism of some bacteria. Biofilms are 
commonly the default physiological state for bacteria natural environments and are comprised of 
complex matrix of exopolysaccharide secretions that microbes produce to attach to a surface and 
buffer themselves against environmental stressors by facilitating social cooperation and 
horizontal gene transfer (56,57). In Pseudomonas fluorescens, biofilm attachment initiates with 
the upregulation of genes for extracytoplasmic proteins facilitating attachment of the cell to an 
abiotic surface (58). Biofilm-embedded bacteria can experience up to a 1000-fold increase in 
stress resistance (59). The mechanism behind this increased resistance is multifaceted. Biofilm-
embedded bacteria experience slower growth rates, decreasing the lethality of stressors that 
require actively growing cells. Additionally, the exopolysaccharide matrix that constitutes a 
biofilm creates a physical barrier between the microbe and the stressor that must be penetrated 
for the stressor to be effective. Internal biofilm architecture (e.g., layering, channels) can impede 
diffusion and create finer-scale spatial gradients of any external selective agents that can achieve 
penetration (60). Furthermore, horizontal gene transfer occurs rapidly within biofilms (61) and 
basal mutation rates are significantly higher in biofilm-embedded compared planktonic 
counterparts (62). This environment also safely harbors and facilitates the spread of 
hypermutator bacteria within a population when expanding into favorable environments (63,64). 
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Finally, growth within a biofilm has been shown to induce general stress-response mechanisms 
(such as RpoS-mediated stress response) (65). Herbicide-degrading bacteria can accumulate 
herbicidal compounds in the biofilm matrix as reserve carbon sources during times of starvation 
(66). In general, the formation of biofilms is thought to increase resistance to herbicides or other 
chemical stressors in various bacteria. 
 
HERBICIDE PRESSURE ACROSS SPATIOTEMPORAL GRADIENTS 
 
 In the natural environment, chemical stressors form concentration gradients that can vary 
over space and time. For example, herbicide concentrations in an agricultural system will be 
greatest at the time of application and decrease steadily as they are removed from the ecosystem 
(temporal gradient). Within the system, herbicide concentrations will be greatest at the point of 
introduction (i.e., where the physical herbicide droplets contact the soil) and decrease as they 
diffuse downward (spatial gradient). This combination of spatial and temporal variation leads to 
the creation of spatiotemporal concentration gradients, to which bacteria respond differently than 
more discrete, single-step selection pressures (all at one-time/in one concentration). Much 
research has been directed at measuring the microbial response to spatiotemporal gradients of 
many selection pressures. For example, E. coli develops resistance to the antibiotic ciprofloxacin 
at an accelerated rate when exposed to a concentration gradient of the drug in connected 
microenvironments (66). In an agricultural setting, the enzymatic activity of soil microbes is 
strongly correlated to the spatial features of the soil, such as the presence of water-filled pore 
spaces and the activity of microbial hydrolytic enzymes are sensitive to the time of the season at 
different soil depths (67). At smaller scales, spatial features can affect the potency of 
evolutionary mechanisms. For example, on an agar plate, a colony of E. coli will form 
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segregations that are genetically distinct from one another along the periphery of the expanding 
growth frontier, due to the increased effect of selection on the exterior-most bacteria compared to 
those at the center of the colony (68). Spatiotemporal selective gradients have also been shown to 
dramatically increase the rate at which adaptive resistance mechanisms develop, by allowing 
bacteria to incrementally acquire beneficial mutations to successively more challenging 
microenvironments (i.e., E. coli developing resistance to 1000 x MIC of the antibiotic 
ciprofloxacin following exposure to a spatiotemporal gradient of the drug) (69).   
The recent development of the Microbial Evolutionary Growth Arena (MEGA) plate provides an 
experimental system for testing spatiotemporal evolution in vitro and visualizing evolutionary 
trajectories. Although previous work with this system demonstrated the clinical significance of 
spatiotemporal gradients, which greatly increases the antibiotic resistance of E. coli (69), there is 
tremendous potential for studying the adaptive responses of other organisms upon exposure to a 
wide variety of non-clinical stressors. The MEGA plate provides a controlled environment in 
which the growth temperature, headspace, study organism and media composition can be 
adjusted with minimal physical modifications. The MEGA plate can support nine columns of 
microbiological media, allowing the creation of a nine-step concentration gradient, two-five step 
gradients (one gradient mirrored on either side), or other combinations of heterogenous setups to 
flexibly target research questions on spatiotemporal dynamics. The lid of the MEGA plate can be 
sealed and headspace purged with an inert gas to create an anaerobic environment to study 
spatial selection of anaerobic organisms. MEGA plate trials use 14 L of media (FIG 1.2), 
allowing trials to run for extended periods of time (upwards of 16 days at 37°C with E. coli, 
decreasing with increasing temperatures and varying by study organism) compared to traditional 
petri plate methods and consequently capturing temporal evolutionary dynamics. The overall 
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flexibility of this system accommodates studying spatiotemporal evolutionary dynamics for 
many culturable bacterial species, such as P. fluorescens, a model colonizer of the rhizosphere. 
FIG 1.2: Side-view diagram of the MEGA plate. Media is poured in three vertical layers (9L Base, 3L Overlay and 
2L swim), shown with perforated lines. Stressors are mixed into the base layer media and diffuse upward and 
outward into the overlay and swim layer, forming a concentration gradient across the columns (indicated above with 
darkening colors. Hatched colors indicate transitions between concentration gradients). The overlay layer creates a 
level surface over the base layer and bacteria are inoculated into the thinner swim layer for motility. 
 
PSEUDOMONAS FLUORESCENS AS A MODEL ORGANISM FOR STUDYING 
RHIZOBACTERIA 
 
Pseudomonas fluorescens is a facultative anaerobic, gram-negative, rod-shaped PGPR 
that is ubiquitous in the soil environment, with an optimal growth temperature of 28.6°C. This 
organism’s name stems from its production of fluorescent siderophores, such as pseudobactin 
and pyoverdine, which are used to acquire iron and competitively exclude other bacteria (70,71). 
Pseudomonas fluorescens has been used extensively as a biocontrol agent due to its ability to 
induce systemic resistance in host plants. Induced Systemic Resistance (also known as Acquired 
Systemic Resistance), or ISR, is a bacterially-stimulated increase in a plant’s immune defense 
(72). Analogous to the human immune system, ISR is triggered in response to an infection from 
harmless rhizobacteria, which results in the plant increasing chemical and physical barriers 
around the site of infection, thus making that site more resistant to subsequent infection from 
detrimental/pathogenic soil bacteria/fungi. Pseudomonas fluorescens also inhibits fungal 
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diseases by expressing chitinases (73), preventing spore-germination (74) and deactivating key 
enzymes necessary for degrading plant-cell walls (75) and secretes mupirocin (also known as 
pseudomonic acid) (76) to competitively inhibit pathogenic bacteria. Today, P. fluorescens is 
used as a model organism for studies focused on bioremediation and rhizobacteria and is 
commercially applied to control diseases on fruits (77), vegetables (78) and carnations (79). 
However, how this important species responds to exposure to spatiotemporal gradients of 
commonly applied herbicides has not been investigated, which leaves a critical gap in our 
understanding on whether herbicide applications are impeding P. fluorescens ability to carry out 
its beneficial services as a plant-growth promoting rhizobacteria. When measuring the effects of 
herbicides on the growth of P. fluorescens, it is important to quantify maximum growth rate and 
lag phase duration. Maximum growth rates have long been used as an estimation of bacterial 
fitness after exposure to selective pressures with high maximum growth rates indicating low-
levels of stress or sufficient adaptation to the given stressor (80, 81). Lag phase is a 
“preparatory” phase during which bacteria undergo extensive transcriptional changes to sense the 
environment and prepare them for active growth in the coming exponential phase (82). 
Therefore, in the presence of a stressor, shorter lag phases are indicative of sufficient 
preadaptation, whereas longer lag phases indicate the need for extensive preparations to initiate 
exponential growth. 
IMPORTANCE AND CURRENT GAPS IN THE LITERATURE 
 
In summary, rhizobacteria are critically important components to a healthy and functional 
rhizosphere in their ability to improve plant health and bolster plant-immune defense. Of the 
numerous selective pressures acting on rhizobacteria, herbicides are a widely used form of 
xenobiotic with variable properties and effects depending on the herbicide and the specific 
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microbial communities and conditions present. Herbicides form spatiotemporal gradients of 
stress for rhizobacteria, due to their persistence, dispersal and frequent application in agricultural 
soils. Currently, there is a lack of investigative work on the effects of spatiotemporal gradients of 
herbicides on model rhizobacterial species, yet both in vivo and in vitro experimental systems 
have been developed to study microbial spatiotemporal evolution and P. fluorescens is an ideal 
model organism to represent rhizobacteria because of its ubiquity in the environment, the 
numerous beneficial services it provides for plants and ease of culturing. Rhizobacteria may 
adapt to herbicide gradients via mutagenesis, epigenetic alteration, expressing persistence 
phenotypes, upregulating generalized defensive mechanisms and through the production of 
biofilms. All of these adaptive strategies affect rhizobacterial lag phase and maximum growth 
rate, which can be measured to quantify herbicidal effects on bacterial fitness. Understanding the 
effects of spatiotemporal gradients will be useful in determining the off-target effects of 
herbicide application on rhizobacteria and preserving the integrity of beneficial rhizobacterial 
communities and consequently, nutrient cycling and crop health.  
CONTENT FOREWARD 
 
In Chapter 2, this work elaborates on the construction, design and optimization of the 
MEGA plate and replicates the previous MEGA plate experiment of Baym et al. (69), subjecting 
Escherichia coli to a gradient of the antibiotic ciprofloxacin. Zinc oxide nanoparticles are also 
explored as a potential MEGA plate stressor. 
In Chapter 3, this work tests the hypotheses that: a) Pseudomonas fluorescens isolates 
collected from along a 0 – 8 mM spatiotemporal concentration gradient of the herbicide dicamba 
will demonstrate faster maximum growth rates (measured in changes in absorbance at 600nm 
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wavelengths) b) shorter lag phase durations (measured in hours) and c) increased resistance to 
the antibiotics gentamicin and ciprofloxacin (measured in colony appearance time).  
In Chapter 4, overall conclusions are recapitulated and future research directions/ideas 
are discussed. 
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This chapter provides a chronological overview of the experiments performed to optimize 
the MEGA plate for use in Chapter 3, as well as test the experimental viability of nanoparticulate 
zinc oxide as a bacterial stressor. Toward these purposes, the following aims were developed: a) 
Reproduce previous MEGA plate experiments to demonstrate that this methodology produces 
reproducible results, b) troubleshoot MEGA plate protocols to maintain optimal temperatures 
and minimize contamination, c) design and test a custom heating system to control condensation 
on the inner surface of the MEGA plate lid and, d) explore the feasibility of nanoparticulate zinc 
oxide spatiotemporal gradients as a bacterial stressor. In addressing these aims, the MEGA plate 
proceeded through many developmental iterations and trials, each seeking to troubleshoot 
operational parameters (e.g., temperature, condensation, contamination) 
EARLY ITERATIONS AND IMPROVEMENTS TO MEGA PLATE TRIALS 
 
The first MEGA plate trial was conducted using LB agar amended with 6 mg/mL 
chloramphenicol and 0, 0.5, 5, 50, 500 µg/mL ciprofloxacin respectively, as per Baym et al. (1), 
without an automated heating system; instead with two always-active space heaters, one on 
either side of the plate (FIG 2.1).  
The camera was suspended over the plate using ring stands, clamps and a garden stake. 
Temperatures were recorded using a digital thermometer (See Chapter 3, Methods and 
Materials). This trial was unsuccessful, as the always-active heaters rapidly desiccated the swim 
layer of MEGA plate media and provided inhospitable conditions for the study organism, the 
chloramphenicol-resistant Escherichia coli strain HT-99, to grow.  
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The lack of heating control prompted the development of the automated heating system 
described below. The second MEGA plate trial was the first to implement the custom heating 
system (FIG 2.2). 
 
FIG 2.1: Photograph of the earliest MEGA plate iteration at SUNY-ESF. Two space heaters were used in 




FIG 2.2: Photograph of the second MEGA plate iteration. This setup included the custom heating system 
and a better angle for lighting. 
 
This trial resulted in a significant improvement in average temperature (34°C, down from 
46°C in the first trial), however it was quickly overrun with fungal contaminants and excessive 
amounts of condensation on the inner surface of the lid. Condensation is detrimental because it 
deposits large amounts of water on the surface of the agar, as well as on the growing bacterial 
colonies. This disrupts growth, dilutes the antibiotic concentration gradient and obscures the 
MEGA plate surface from the time-lapse camera. The contamination was likely due to the lower 
temperatures permitting fungal growth on the media surface and the inability to create sterile 
conditions while pouring the media due to an air inflow vent directly above the plate. The lower 
temperatures also facilitated condensation formation by lower the temperature of the lid. To 
remediate this, the MEGA plate was relocated to a newer facility. Cleaner air quality in the 
facility was confirmed after leaving exposed, solid media open on a benchtop for 48 hours which 
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was free of contamination. To target the condensation issue, the custom heating system was 
modified by incorporating a stainless-steel submersible temperature probe to take readings every 
ten minutes. This probe was used to collect temperature data on a series of “water trials”, with 
the space heaters on various settings/at various distances from the MEGA plate (See FIG 2.3 for 
example temperature data of a water trial). Considering microbiological media is mostly water 
by volume, this comparable setup allowed us to tweak heater settings and get the MEGA plate to 
the desired temperature range without wasting resources on media reagents. These physical 
settings could then be replicated during “live” MEGA plate trials (trials with bacteria). 
 
 
FIG 2.3: (left) Mini plates of lysogeny agar were left open-benchtop under the influence of the MEGA 
plate heating system to gauge air-quality in the room. Air temperatures around the plate surfaces were 
collected using the heating system's temperature probe (right).  
  
The third MEGA plate trial successfully reproduced the results of Baym et al., generating 
ciprofloxacin-resistant mutants of E. coli (FIG 2.4). This result was confirmed with subsequent 
antibiotic plating, in which E. coli isolated from high concentrations of ciprofloxacin on the 
MEGA plate were able to grow on media amended with high concentrations of the antibiotic, 
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whereas E. coli isolated from low concentrations had significantly reduced growth after 48 hours 
at 37°C (FIG 2.5). However, during this MEGA plate trial one of the space heaters would 
intermittently shut down, creating heating dead-zones that gave rise to pockets of condensation 
on the plate.  
 
FIG 2.4: Time-lapse photographs of E. coli growth across the MEGA plate surface after 20 (A), 75 (B), 





FIG 2.5: E. coli isolated from 5 µg/mL (A), 0.5 µg/mL (B) and 0 µg/mL (C) ciprofloxacin regions of the 
MEGA plate growing on lysogeny agar amended with 5 µg/mL ciprofloxacin. Isolate (A) demonstrates 
the most prolific growth, followed by isolate (B) and lastly isolate (C), which formed few discrete 
colonies. 
 
DESIGNING AND TROUBLESHOOTING THE HEATING SYSTEM 
 
The MEGA plate’s heating system functions to limit condensation on the inner surface of 
the lid and maintain an adequate temperature range for bacterial growth. The system was 
operated by an Elegoo Uno R3 Microcontroller (EL-CB-001, Elegoo). This microcontroller was 
programmed using the Arduino Integrated Development Environment (See Appendix B) and 
operates on a loop, cycling power between two of four Pelonis Space heaters (HF-1030TW, 
Pelonis), via a 4-channel SPDT relay board (RLY104-FT-5V, Winford Engineering) for five 
minutes, before switching to the other two heaters. At the end of one full cycle (10 minutes), the 
microcontroller collects a temperature reading using a stainless-steel temperature probe 
(Product# 381, Adafruit). This reading is stored to an SD card mounted to a data-logging 
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microcontroller shield (Product #1141, Adafruit). In this manner, a system was created to cycle 
power between heaters and collect temperature readings at a given point. To activate the system, 
the user only has to plug-in the power adapter to a wall outlet. However, preliminary trials of the 
system were met with errors: space heaters would shut down upon reaching a certain ambient 
temperature and unreliably activate upon receiving a power signal from the microcontroller. The 
heater-shutdown was the result of a built-in thermostat safety mechanism within each heater. To 
bypass this mechanism, each heater was opened and each respective power-line was cut and 
rerouted around the thermostat using wire nuts, effectively removing the temperature-controlled 
shutoff and allowing the researcher more control over the heater’s activation state. The unreliable 
heater activation was a product of the system drawing too-much power from the wall outlets of 
the room, tripping a circuit breaker that would prevent adequate power-flow to each heater. To 
circumvent this, the MEGA plate was relocated to a room with two separate power circuits and 
the heaters were alternatively plugged in to each circuit. More specifically, a circuit’s wall outlet 
can only support 20A of electrical current before the circuit breaks and a single space heater 
pulls 12.5A of current. The heating system requires that two heaters be active at a given time, for 
a total current load of 25A. To avoid tripping breakers, the two active heaters were plugged into 
two separate circuits, so that the current-load on each circuit would never exceed 12.5A (FIG 




FIG 2.5: Open-lid photograph of the MEGA plate heating system project box. The microcontroller (top 
left), metal breadboard (top center), 4-channel SPDT relay board (middle center) and four heat-sink 
mounted contactors (bottom) operate in conjunction to power two space heaters simultaneously for five 




FIG 2.6: Schematic diagram of the MEGA plate heating system. 5V electrical signals are sent through 
two of four pins from pins 2, 4, 6 and 8 on the Adafruit Datalogger Shield (top-left) to the coil pin on 
each of their respective relays. This allows current to flow through each coil, activating an electric switch 
that allows current to flow to the electrical contactors. Once powered, these contactors act as a heavy-duty 
relay, completing the connection between the respective space heater and the wall outlet. Two of these 
connections are maintained for five minutes, before switching power to the other two pins for five 
minutes. Additionally, The DS18B20 temperature probe collects a temperature reading once every ten 




HEATING SYSTEM SAFETY ELEMENTS 
 
The MEGA plate’s heating system is equipped with several safety mechanisms to prevent 
over-heating and short-circuits. The entire system is housed-in and physically secured to a 
sealed, custom-made aluminum project box, which doubles as a heat sink for each component of 
the system and an electrical grounding point. Electrical signals are distributed between system 
components via soldered connections to a metal breadboard, which protects against accidental-
wire slipping or loose connection issues compared to using standard plastic push-in breadboards. 
A cascade-style activation system was designed to further protect against power surges and 
overheating. In practice, the system activates as follows: A 120V AC signal from the wall is 
converted to a 5V DC signal in the system’s power converter. The Elegoo Uno microcontroller 
distributes the 5V signal to two of its on-board pins, which carry the signal to the metal 
breadboard via male-male jumper cables. Once at the breadboard, the signal is distributed to two 
relays on the relay board, switching them to the “ON” state and consecutively activating two 
electrical contactors. These contactors control the flow of current from a separate wall outlet to 
an individual space heater and are individually mounted to steel heat-sinks within the project 
box. Upon receiving the signal, the contactors switch to the “ON” state, allowing current to flow 
from the two separate wall outlets, through each active contactor and power the respective space 
heaters. These space heaters will continue to run until the microcontroller switches the signal to 
the other pair of heaters, severing the electrical connection with the first two. In this way, each 
space heater can operate on its own closed circuit and the microcontroller, relay board and 
heaters are isolated and protected from power surges.  
30 
 
PRELIMINARY MINI-PLATE TRIALS FOR CONTROLLING TEMPERATURE 
AND MITIGATING CONDENSATION 
 
  During the early stages of this research, 750 mL Pyrex™ dishes were used as 
miniaturized models of the MEGA plate to troubleshoot problematic variables while saving 
resources compared to running a full MEGA plate. These “MINI-plates” were beneficial for 
troubleshooting as they provided a more realistic comparison to the MEGA plate than traditional 
22 mm plastic petri plates. Mini-plate media was poured in three vertical layers (base, overlay 
and swim layer) using dyed lysogeny broth (10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract, 8 
mL/L black India ink) to mimic conditions of the outermost columns of a MEGA plate (1) and 
inoculated with Escherichia coli strain HT-99 as a study organism for bacterial growth. Our 
objectives for the mini plate experiments were to: a) identify optimal space-heater settings and 
spacing to keep the experimental system within a desired temperature range (29°C-34°C for 
Pseudomonas fluorescens, 35°C-40°C for E. coli) b) experiment with different lighting 
configurations to maximize image contrast between bacterial growth and the surface of the 
media c) minimize condensation on the inner surface of the lid to improve image capture and 
mitigate the effects of water deposition on bacterial growth. Toward each of these objectives, we 
determined that space heaters maintained optimal temperatures when all four were set to a low 
intensity setting and spaced approximately 7’’ from either edge of the plate. Contrast between 
bacterial growth and the media surface was maximized by using a stand-mounted stage-light 
pointed at the plate at an oblique angle. Condensation appearance was inversely correlated to 
temperature and heater-distance, with higher temperatures/closer heaters significantly decreasing 
the amount of condensation present on the inner lid surface. However, the swim layer of media 
would rapidly desiccate at temperatures necessary to completely remove condensation (42°C and 
higher). To counteract this, we decided to leave the heaters at a lower intensity setting and 
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instead apply Rain-x® interior Glass Anti-fog (#630046) solution to the inner surface of the lid, 
as it was more of a priority to provide adequate growth temperatures for the bacteria than to 
reduce condensation. The Rain-x® applications did reduce condensation formation to a more 
manageable level but did not prevent it entirely. The use of a custom heated-glass lid would 
likely eliminate condensation by evenly-distributing heat across the entire lid surface. 
STUDYING THE EFFECTS OF SPATIOTEMPORAL GRADIENTS OF ZINC OXIDE 
NANOPARTICLES 
Prior to dicamba, our research was directed at understanding the effects of spatiotemporal 
gradients of zinc oxide nanoparticles on E. coli. The International Organization for 
Standardization (2) classifies nanoparticles as an atomic or molecular material with a diameter 
equal to or less than 100 nm. Nanomaterials differ from their bulk counterparts in that their small 
particle size increases the surface area for catalytic reactions and makes the material more 
accessible to microbes (3). Recent studies show that nanoparticles of zinc oxide (npZnO) have 
antimicrobial properties and can inhibit pathogenic bacteria such as E. coli and Staphylococcus 
aureus (4), while also promoting plant growth by facilitating fertilizer uptake (5). Research 
suggests npZnO generates oxidative stress in bacteria, causing their cell membranes to leak, 
shortly followed by senescence (6). Some studies suggest that the effect of nanoparticles is 
bacteriostatic (3), leading to a significant increase in lag phase duration. Results from our 
preliminary studies using E. coli in npZnO-laden liquid media corroborated this claim 
(unpublished data). According to the USFDA, Zinc Oxide is a “Generally Regarded as Safe” 
material (USFDA, 1976) and is therefore found in products such as sunscreen, cereals, baby 
lotion and cigarette butts (7).  
This lack of risk makes npZnO an attractive choice as a plant fertilizer in agricultural 
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systems. However, few studies have been done to test the adaptive response of bacteria to 
spatiotemporal gradients of npZnO and little is known of the level of accumulation or deposition 
of npZnO in the environment. Given its current widespread usage, we expect that npZnO 
accumulates in the environment, especially if directly applied as a fertilizer. It is currently 
unknown how gradients of npZnO affect bacteria. We planned to use the model organism E. coli 
to demonstrate the potential evolutionary consequences of a spatiotemporal gradient of npZnO 
exposure on bacteria. These results would be useful for demonstrating the ability of npZnO to 
alter evolutionary trajectories of bacteria, highlighting a potential adaptive route of bacteria to 
npZnO at the molecular level and potentially highlight the adaptive ability of bacteria to respond 
to a novel abiotic stress. 
However, we were unable to get npZnO to diffuse homogeneously in agar. Toward this 
end, we attempted to add npZnO before- and after autoclaving, sonicating an npZnO solution 
prior to adding it to media to break apart aggregates and spreading a solution of npZnO over the 
surface of sterile pre-poured agar plates. However, none of these methods were successful in 
adequately homogenizing the nanoparticles in the media, often resulting in a film of npZnO on 
the agar surface or pooled at the bottom of an agar dish. On the MEGA plate, either these 
nanoparticles would be buried under the base layer (See FIG 1.2) of media and therefore be 
unable to interact with E. coli as it swims across the swim layer, or pooled on the surface, 






 STUDYING SPATIOTEMPORAL GRADIENTS IN ANAEROBIC ENVIRONMENTS  
 
  The MEGA plate can also be used to study anaerobic organisms. We planned to 
experiment with the idea of drilling ports in the short sides of the plate, cycling an anaerobic gas 
mixture (5% CO2, 10% H2, 85% N2) through the headspace and lining the plate’s lid with a tight-
fitting rubber gasket. We attempted to collect preliminary data on the response of Klebsiella 
pneumoniae and P. fluorescens to dicamba in anaerobic environments by first cultivating them in 
Burke’s media in an anaerobic fume hood, but both of these organisms proved to grow too-
slowly under anaerobic conditions (no visible growth of either organism in Burke’s media until 7 
days of incubation under anaerobic conditions at 28°C). This is not feasible for MEGA plate 
experimentation as it would take months for bacterial growth to move across the plate surface, 
further slowed if using a growth-impeding selective pressure. The surface of the MEGA plate 
would also desiccate if held at room temperature for that amount of time (which is the optimal 
temperature for many anaerobic bacteria). 
CONCLUSIONS FROM PRELIMINARY TRIALS AND OPTIMIZATION 
EXPERIMENTS 
 
E. coli isolated from 5 µg/mL ciprofloxacin regions of a spatiotemporal gradient grew 
more vigorously than E. coli isolated from ciprofloxacin-free regions of the same gradient during 
subsequent exposure to 5 µg/mL ciprofloxacin plates. This finding corroborates with those found 
by Baym and colleagues in the first published use of the MEGA plate system (1), suggesting that 
this methodology produces reproducible results. Several combinations of microbes and selective 
agents would make interesting future research experiments. Manufactured nanomaterials such as 
zinc oxide nanoparticles likely exist in spatiotemporal gradients in polluted soils and would be 
suitable candidates for MEGA plate experimentation if they could be homogeneously distributed 
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in solid media. Other stressors that could be studied include polychlorinated biphenyls and 
industrial pollutants.  
UNTESTED VARIATIONS ON THE MEGA PLATE  
 
Outside of the objectives of this work, the MEGA plate could also be used to study 
factors other than different selective pressures. Microbial community interactions can be 
investigated by inoculating multiple bacterial species on one plate in different arrangements. 
Niche invasion mechanisms can be investigated by varying the topography of the media within 
the plate, such as creating agar hills, valleys and ramps with chemical attractants and analyzing 
bacteria that first reach attractant source (e.g. how quickly after an attractant is added is it 
colonized by bacteria? What topographical obstacles slow-down/prevent colonization?). 
Allelopathy can also be investigated with the MEGA plate by inoculating with naturally 
competitive bacterial strains or placing antifungal-producing bacteria and pathogenic fungi on 
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CHAPTER 3: ADAPTIVE RESPONSE OF PSEUDOMONAS FLUORESCENS TO DICAMBA 







 Dicamba, a volatile broadleaf-weed herbicide capable of drifting on wind currents, is 
used to combat glyphosate-resistant weeds on cotton and soybean fields. Following direct 
application or deposition from drift, dicamba interacts with beneficial soil bacteria in the 
rhizosphere. In this study, Pseudomonas fluorescens, a model plant-mutualist, was subjected to a 
spatiotemporal gradient of 0 – 8 mM dicamba for 12 days. Exposure to 2 – 8 mM dicamba 
significantly increased maximum growth rate and decreased lag-phase duration of P. fluorescens 
during subsequent exposures to 2 mM dicamba in liquid media. All gradient-isolates 
demonstrated increased susceptibility to the antibiotics ciprofloxacin and gentamicin and a loss 
of pigment production compared to unexposed P. fluorescens. These results demonstrate that 
dicamba elicits a response from P. fluorescens that confers growth advantages during repeated 
exposures at the cost of functional capability. These advantages could alter competitive 
dynamics and compromise functionality in beneficial soil bacteria communities. 
IMPORTANCE 
 
 Annual dicamba application on agricultural soils is increasing due to the prevalence of 
glyphosate-resistant weeds. Understanding the impact of dicamba on plant-growth-promoting 
37 
 
rhizobacteria (PGPR) is critical in preserving the integrity of rhizosphere microbial communities 
and their beneficial services of improving plant health and nutrient cycling. Pseudomonas 
fluorescens is a ubiquitous PGPR often applied as a bioinoculant in crop fields because of its 
ability to: a) induce systemic resistance in- and solubilize phosphate for host plant b) produce 
mupirocin to inhibit pathogenic bacteria and c) produce fluorescent siderophores for iron 
acquisition. In this study, exposure to a spatiotemporal gradient of dicamba elicited an adaptive 
response from P. fluorescens which confers growth advantages during repeated herbicide 
exposure, a loss of pigment production and increased antibiotic susceptibility. These adaptations 





 Herbicide use is increasing with the development and adaptation of herbicide-resistant 
crops (1). Commonly-used herbicides range in their specificity and can have off-target effects on 
naturally-occurring microbes that serve protective, nutrient-cycling, or other roles in soil (2,3). 
Glyphosate, for example, can be metabolized by soil microbes and causes transient changes in 
microbial community structure (4,5,6). Enterobacteriaceae isolated from soils previously treated 
with acetochlor and metolachlor, two herbicides commonly applied to corn fields, develop novel 
enzymes for oxidative stress resistance (7). A better understanding of the off-target effects of 
herbicides on soil microbes and how they may adapt can help preserve these organisms’ 
beneficial roles in soil systems. One herbicide of interest is 3,6-dichloro-2-methoxybenzoic acid, 
or Dicamba. Dicamba is a chlorophenoxy herbicide controversially applied to broad-leaved 
weeds on millions of acres of crop land each year in the United States (8,9). As a synthetic auxin, 
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dicamba causes rapid cell proliferation and mortality in target plants (10).  After application or 
deposition from drift, dicamba enters the rhizosphere where it interacts with microbial 
communities and plant roots and is mobilized due to its solubility in water and inability to stick 
to soil particles (11). Its persistence in the environment has been estimated to be up to 555 days 
(12) and it is eventually removed primarily through aerobic and anaerobic microbial metabolism. 
This herbicide is responsible for extensive off-target crop damage and deposition in off-target 
sites due to its tendency to volatilize and drift on wind currents (13). Once in the soil, the effects 
of dicamba on rhizobacteria varies by species. For example, dicamba inhibits nitrogenase activity 
in Azotobacter vinelandii, a model nitrogen-fixer (14) and promotes antibiotic resistance by 
increasing efflux pump expression in Escherichia coli and Salmonella enterica var. typhimurium 
(15,16). In contrast, dicamba promotes the growth of some microbial consortia by acting as a 
carbon source for anaerobic degradation via demethylation and reductive dehalogenation 
reactions, accumulating 6- chlorosalicylic acid (17). Dicamba can also be degraded aerobically 
resulting in the production of carbon dioxide and 3,6- dichlorosalicylic acid (18,19).  
 The heterogenous nature of soil subjects microbes to micrometer-scale spatiotemporal 
gradients of dicamba (20) which elicit more-rapid adaptive responses from bacteria compared to 
discrete exposures (21,22,23). These gradients have been shown to allow bacteria to sequentially 
acquire resistance to increasing levels of selective pressure, yet despite its widespread 
application we know very little about how gradients of dicamba shape bacterial adaptation and 
potentially their evolutionary trajectories. One bacterial species of interest is Pseudomonas 
fluorescens, a plant-growth-promoting rhizobacteria. This species is important for plant health as 
it induces systemic resistance (24), produces antibiotics (mupirocin) to inhibit plant-pathogens 
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(25), produces fluorescent siderophores to assist in plant iron acquisition (26) and solubilize 
inorganic phosphate (27). 
In this study, Pseudomonas fluorescens was subject to a step-wise gradient of dicamba 
for 12 days in a Microbial Evolutionary Growth Arena (MEGA plate). After exposure, isolates 
were collected from each section of the plate representing different dicamba concentrations and 
compared by maximum growth rate and lag phase duration during subsequent growth on a range 
of dicamba concentrations in liquid media. These isolates were also compared to P. fluorescens 
with no previous exposure to dicamba on the basis of pigment production and antibiotic 
susceptibility to ciprofloxacin and gentamicin on solid media. We hypothesized that isolates 
exposed to higher concentrations of dicamba along a spatiotemporal gradient would display 
higher corresponding growth rates and shorter lag phase durations in liquid media amended with 
dicamba compared to isolates with no prior exposure. We also hypothesized that isolates adapted 
to higher concentrations of dicamba would demonstrate increased resistance to the antibiotics 
ciprofloxacin and gentamicin on solid media.  
MATERIALS AND METHODS 
 
Bacterial strain and media formulation. Pseudomonas fluorescens strain 13525(ATCC® 
13525™) was used for all experimental testing. Dicamba (CAS#:1918-00-9, 99.7% purity) was 
obtained from Quzhou Cohan Chemical Co., Ltd and confirmed for purity using NMR (FIG A 3, 
FIG A 4). MEGA plate media preparation was divided into base, swim and overlay layers as 
previously described (21). Base-layer media was comprised of cetrimide agar (20 g/L proteose 
peptone, 10g/L K2SO4, 1.4 g/L MgCl2, 0.15 g/L C19H42BrN, 10 mL/L glycerol, 20 g/L agar) 
supplemented with cycloheximide (CAS 66-81-9, final concentration 100 µg mL-1) to select 
against eukaryotes (e.g., molds), Black India Ink (Higgins #44204, final concentration 4 mL/L) 
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for image contrast, cetrimide (CAS 57-09-0, final concentration 150 mg mL-1) to select for P. 
fluorescens and dicamba (final concentration 0, 2, 4, 6, 8 mM, respectively) as the selective 
pressure for P. fluorescens. Dicamba deleteriously affects growth of P. fluorescens at 
concentrations greater than 6 mM, based on our preliminary trials measuring growth rates and 
lag phase of P. fluorescens at 0 – 8 mM dicamba (FIG 3.1). Overlay-layer media had the same 
composition as the base-layer minus dicamba. Swim-layer media had the same composition as 
the overlay-layer, but with 5.6 g/L agar to allow bacterial migration. All media was autoclaved 
for one 90-minute sterilization autoclave cycle (121°C) and poured into the MEGA plate under 
air-intake vents.  
MEGA plate setup and inoculation. A MEGA plate was constructed as previously described 
(21, FIG A 1), with slight physical modifications for image capture and condensation reduction 
(Appendix A). A Brinno Wi-Fi TimeLapse Camera TLC120 was suspended 21” (~53 cm) over 
the center of the MEGA plate on an 80/20 aluminum frame (FIG A 1). Condensation on the inner 
surface of the lid was persistent, but reduced using the following techniques: The lid was heated 
using four Elegoo Uno (EL-CB-001, Elegoo) -controlled portable space heaters (HF-1030TW, 
Pelonis), two on each of the short sides of the plate, alternating on/off at five-minute intervals 
(one side of the plate active at a time, FIG B 6). The interior surface of the lid was also coated in 
Rain-x interior Glass Anti-fog (Rain-x #630046) and wiped with a UV-sterilized microfiber cloth 
2-4 times daily, as necessary. Fifty microliters of an overnight culture of P. fluorescens 
incubated in nutrient broth at 28°C was used to inoculate six points at the top, center and bottom 
of the outer MEGA plate columns. After closing the glass lid, images were captured every 10 
minutes for 12 days, starting immediately after the plate was inoculated. The average 
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temperature of the plate was measured periodically using a digital thermometer (Lasergrip 774, 
Etekcity) and ranged between 29-33°C (optimal growth for P. fluorescens is 28.6°C). 
MEGA plate sample collection. Bacterial isolates were collected from the MEGA plate surface 
(FIG A 2) with a sterile inoculating loop and diluted into 500 µL nutrient broth to break up 
formed biofilms prior to the growth-rate analysis as the exopolysaccharide matrix would lead to 
artificially high absorbance readings. Two isolates were collected from three points (top, center 
and bottom) of each column (n=6 per column, n=30 per trial, n=60 per full plate). For subsequent 
analysis, one sample from each center-duplicate was selected as a representative for the column. 
We chose center-row isolates because they were unlikely to have been affected by any residual 
condensation and subsequent P. fluorescens overgrowth on the interior sides of the plate.  
Measuring maximum growth rate and lag phase duration of MEGA plate isolates. Growth 
rate analysis was conducted immediately after collection. The diluted isolates were inoculated (1 
µL inoculation-volume) in triplicate (n=3 per column) into a 96-well microplate (Falcon 
#351177) containing nutrient broth (3 g/L beef extract, 5 g/L proteose peptone) and dicamba 
(150 µL well-volume) at either 0, 2, 4, 6 or 8 mM. Absorbance readings at 600 nm (OD600) were 
recorded at 5-minute intervals for 24 hours at 30°C on a Synergy H4 Microplate Reader 
(H4MFA, Biotek). Column isolates were named based on the physical column they were 
extracted from to avoid confusion with growth rate test concentrations (i.e., “col1” refers to a 
sample extracted from the first column of the plate, 0 mM dicamba, “col2” refers to the second, 2 
mM dicamba, etc.). 
Comparing maximum growth rate and lag-phase duration. All absorbance readings were 
normalized using uninoculated wells and replicate wells that did not grow were excluded from 
growth curve analysis. Growth curve fits were generated using the “all_easy_linear” function in 
42 
 
the “growthrates” package (28) in R (29) and only curves with an R2 > 0.90 were used for 
analysis (Appendix C). The normality of each sample triplicate distribution was confirmed in a 
Shapiro-Wilk normality test (TABLE A 1, TABLE A 2). Homogeneity of variances between 
each triplicate was confirmed using a Levene’s test (Appendix A). Maximum growth rate and lag 
phase duration of both derived isolates (FIG A 2, Col2-Col5) and ancestral isolates (FIG A 2, 
Col1) were compared after 24 hours in 0, 2, 4, 6 or 8 mM dicamba using a multiple comparison 
test in a one-way ANOVA. 
Measuring pigment production and subsequent growth on gentamicin and ciprofloxacin 
petri plates. An overnight culture of P. fluorescens strain 13525 (with no previous exposure to 
the MEGA plate, referred to as “parent” henceforth) in nutrient broth and overnight cultures of 
frozen col1-col5 isolates in nutrient broth were inoculated on nutrient agar plates amended with 
0, 2, 4, 8, 16, 32 mg/L (0, 0.5, 1, 2, 4, 8 x MIC) gentamicin and 0, 0.5, 1, 1.5, 2 mg/L (0, 0.5, 1, 
2, 3, 4 x MIC) ciprofloxacin, respectively, to measure any effect of dicamba exposure on the 
MIC of common antibiotics. These cultures were also used to inoculate 0.5x cetrimide agar 
(stimulates pigment production by providing an iron-limiting environment) petri plates to 
visually observe the production of fluorescent pigment. All plates were incubated at 28.6°C for 




 Pseudomonas fluorescens propagated across the swim layer of the MEGA plate surface 
for 12 days (Movie S1). Growth was heterogenous, with some “waves” of P. fluorescens over-
taking and blocking others (Movie S1). Generally, P. fluorescens formed a crescent-shaped 
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propagating front, traveling along the plate’s length-wise periphery across multiple columns 
before expanding into each column’s center (FIG 3.2, Movie S1). This peripheral growth 
proceeded slowly towards the center of each column and was periodically torched with a 
sterilized butane torch to prevent it from growing too quickly and excluding the rest of the 
propagating front from reaching the higher concentration columns. Due to our uncertainty of this 
peripheral invasion mechanism, we chose to only analyze isolates of P. fluorescens from the 
center-most row of the plate. 
The propagating front entered 2 mM dicamba 72 hours after inoculation (FIG 3.2A) and 
first reached 8 mM dicamba in less than 178 hours, travelling along the periphery of the plate 
(FIG 3.2B-D). The center of the front reached 8 mM dicamba in 288 hours (FIG 3.2D). Growth 
into new columns followed a pulse-like pattern, where growth would enter the column slowly, 
then rapidly spread within a column, slowing down again upon reaching the interface for the next 
column. As time progressed, older growth behind the bacterial front would thicken and produce 
biofilm, from which newer growth would emerge (Movie S1). 
 Derived isolates had a significantly greater maximum growth rate than the ancestral 
isolates in 2 mM dicamba, but not in 0 or 4 mM (FIG 3.2). Derived isolates also had a 
significantly shorter lag phase in 0, 2 and 4 mM dicamba (FIG 3.3). In 6 and 8 mM dicamba, 
derived and ancestral isolates either failed to grow or did not meet our quality-criteria for 
analysis (FIG 3.2, FIG 3.3). Intra-group t-test comparisons between derived isolates were not 
significant. 
After incubation on antibiotic plates for 48 hours, parent isolates appeared earlier than 
MEGA plate isolates on 0.5x MIC ciprofloxacin, 0.5x MIC gentamicin and 1x ciprofloxacin and 
were able to grow at up to 2x MIC ciprofloxacin after 48 hours (TABLE 3.1). There was no 
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measured difference in appearance time between MEGA plate isolates and the parent strain in 
the absence of antibiotic pressure (TABLE 3.1, 0x columns). The parent strain was able to 
produce pigment on 0.5x cetrimide agar, whereas none of the MEGA plate isolates demonstrated 




FIG 3.1: Preliminary results measuring maximum growth rate (A) and lag phase duration (B) of P. 
fluorescens strain 13525 after 24-hour growth in nutrient broth amended with 0, 2, 4, 6, 8 mM dicamba at 






FIG 3.2: Time-lapse photographs of the MEGA plate surface after 72 (A), 178 (B), 230 (C) and 288 (D) 
hours. Yellow lines are approximations of dicamba concentration boundaries. Dicamba concentrations are 









FIG 3.3: Maximum growth rate of P. fluorescens isolates of each MEGA plate column after 24-hour 
growth in 0, 2, 4, 6 and 8 mM dicamba. Bars indicate standard deviations between triplicates. The p-
values indicate mean max growths rate comparisons between derived (col2-col5) and ancestral (col1) 
isolates within each dicamba concentration in a multiple comparison test in a one-way ANOVA. “NA” 
labels indicate no growth from any isolate at the labeled dicamba concentration. Note: col3 and col4 
boxplots are constructed from two data points at 4 mM dicamba, as one of each of the triplicates did not 








FIG 3.4: Lag phase duration of P. fluorescens isolates of each MEGA plate column in 0, 4 and 6 mM 
dicamba. Bars indicate standard deviations between triplicates. The p-values indicate mean lag duration 
comparisons between derived (col2-col5) and ancestral (col1) isolates within each dicamba concentration 
in a multiple comparison test in a one-way ANOVA. “NA” labels indicate no growth from any isolate at 
the labeled dicamba concentration. Note: col3 and col4 boxplots are constructed from two data points at 4 













TABLE 3.1: Growth observations from subsequent plating experiments. Cell values represent the time (in 
hours) at which growth appeared on the plate surface, with “NG” indicating “No Growth”. “Parent” refers 
to an overnight culture of P. fluorescens with no prior exposure to the MEGA plate. Gentamicin and 
Ciprofloxacin trials were performed on nutrient agar plates amended with the respective antibiotics (see 
Methods) and col1-col5 isolates were inoculated from frozen cultures of the MEGA plate isolates. 
Pigment production was observed after 48-hour growth on 0.5x cetrimide agar and given cell values of 




Pseudomonas fluorescens responds to subsequent dicamba exposure with increased growth 
rates, reduced lag phases and a loss of pigment production. Exposure to a spatiotemporal 
gradient of 0-8 mM dicamba had a significant effect on the maximum growth rate and lag phase 
duration of P. fluorescens upon subsequent exposure to the herbicide, while also increasing 
susceptibility to ciprofloxacin and gentamicin and eliminating pigment production. Derived 
isolates exhibited higher maximum growth rates than ancestral isolates when subsequently 
exposed to 2 mM dicamba and all derived isolates exhibited shorter lag phases than ancestral 
isolates regardless of subsequent dicamba concentration. All isolates demonstrated increased 
susceptibility to ciprofloxacin and gentamicin and the inability to produce fluorescent 
siderophores necessary for iron acquisition. These observations suggest that micro-gradients of 
dicamba, like those thought to be in dicamba-treated soils, can at least semi-permanently affect 
the growth and possibly the adaptive trajectories of soil bacteria. While this work was performed 
on a model organism known for its plant-interactions, the effects of dicamba likely extend to 
Isolate ID Growth in x MIC Gentamicin Growth in x MIC Ciprofloxacin Pigment Production
0x 0.5x 1x 2x 4x 8x 0x 0.5x 1x 2x 3x 4x
Parent 24 24 NG NG NG NG 24 24 31 48 NG NG Y
col1 24 48 NG NG NG NG 24 48 48 NG NG NG N
col2 24 48 NG NG NG NG 24 48 48 NG NG NG N
col3 24 48 NG NG NG NG 24 48 48 NG NG NG N
col4 24 48 NG NG NG NG 24 48 48 NG NG NG N
col5 24 48 NG NG NG NG 24 48 48 NG NG NG N
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other soil microorganisms, many of which are important in nutrient cycling. More broadly, 
dicamba application may disrupt microbial community structures in crop ecosystems by 
selecting for species able to quickly adapt- or with prior exposure to its effects.  
Center-ward growth from the periphery suggests phenotypic plasticity or rapid mutation. 
The slow, center-ward movement of P. fluorescens from the periphery of each column suggests 
P. fluorescens could tolerate 2-8 mM dicamba without prior exposure, despite our preliminary 
trials in liquid media that suggested deleterious effects on growth (decreased growth rate and 
increased lag phase compared to controls) at concentrations greater than 6 mM (FIG A 5, FIG A 
6). Given these results, two likely mechanisms for increased tolerance to dicamba are proposed. 
One, P. fluorescens may have exhibited enough phenotypic plasticity without genetic change to 
tolerate 2-8 mM dicamba. Alternatively, P. fluorescens may have rapidly acquired genetic 
changes that resulted in a resistant/tolerant phenotype in response to the immediate exposure to 
high concentrations of dicamba, allowing them to proliferate. Such genetic changes conferring 
tolerance over the course 12-day MEGA plate runs have been observed previously in E. coli 
(21).  
 Another explanation for the rapid peripheral growth involves condensation deposition on 
the interior side-walls of the plate. Condensation tended to collect towards the side-walls of the 
MEGA plate because of how the lid was lifted while wiping, or because the plate was not 
perfectly level. Dicamba is water-soluble and likely further diffused into this deposited water, 
providing a lower concentration for the peripheral-growing bacteria to swim through. This is 
evidenced by the relative thinness of the peripheral growth as it appeared (FIG 3.2A), suggesting 
P. fluorescens was proliferating through the deposited water until it developed sufficient biofilm, 
or awaited sufficient water runoff, to proceed inward. Also, P. fluorescens can move much more 
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quickly through water than across the surface of the swim layer due to the reduced viscosity of 
water compared to agar, permitting a faster growth across the periphery.  
Antagonistic mechanism of dicamba. The molecular mechanism behind how dicamba 
negatively effects P. fluorescens is poorly understood. Dicamba releases chloride ions when 
aerobically degraded (19), which can stress bacteria by increasing membrane permeability, 
decreasing oxygen/phosphorous uptake and deactivating enzymes (29). Although previous 
research indicates P. fluorescens is likely unable to metabolize dicamba (19), Pseudomonas 
bacteria can develop new metabolic strategies when persistently presented with compounds in 
high concentration (30). Pseudomonas fluorescens could have developed the ability to 
metabolize dicamba as it propagated along the concentration gradient, releasing chloride into the 
media, which would have impeded growth until P. fluorescens had developed sufficient 
mechanisms for tolerance. The observed “pulse-like” growth pattern (Movie S1) could be an 
indicator for the development of such tolerance across the bacterial front, in which growth was 
slowed until sufficient tolerance mechanisms had developed. One such mechanism could be an 
increase in the expression of efflux pumps, a strategy associated with exposure to antimicrobial 
compounds (31). Although our MEGA plate isolates did not demonstrate increased resistance to 
gentamicin or ciprofloxacin, we cannot rule-out an at least partial role of efflux pump. Efflux 
pumps are one of the main mechanisms for the intrinsic resistance of Pseudomonas aeruginosa 
and Pseudomonas putida to antibiotics and xenobiotics (32-35). Efflux pump expression in E. 
coli increases dramatically when stressors are introduced at slow rates (36), so it is possible that 
the incremental exposure to dicamba at the interface between two columns similarly promoted 
pump expression. In this manner, P. fluorescens could have encountered the higher concentration 
of dicamba and rapidly produced efflux pumps to limit exposure. Efflux pumps are energetically 
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costly (35), which could explain the reduced speed of the propagating front upon entering a new 
column. Once P. fluorescens had produced enough pumps to tolerate the higher concentration of 
dicamba, growth rate would increase, facilitating rapid colonization until more pumps were 
needed at the boundary of the subsequent column, creating the cyclical growth pulse. Tolerance 
could also arise as a reduction in the number of outer-membrane porins that facilitate the 
diffusion of dicamba. For example, E. coli has been shown to reduce porin expression in 
response to chlorotetracylcine and tetracycline (33,34). In the present study, it is possible that 
derived isolates reduced porin expression to decrease the ability of dicamba to interact with 
intracellular contents. 
Finally, increased tolerance could have been the result of acquisition and spread of 
beneficial mutations through positive selection. Although research suggests dicamba is not likely 
mutagenic itself (37), stress-induced mutagenesis is a common bacterial strategy for adaptation 
(38). One possible beneficial mutation would be one that promotes bacterial adhesion (e.g., one 
that upregulates adhesin proteins). The ability to attach to surfaces has been shown to 
exponentially increase resistance to chlorine (39) and is a crucial first step in the production of 
biofilms (40). P. fluorescens readily produces biofilms even in the absence of stressors (41) and 
the lap gene family facilitates their adhesion to abiotic surfaces (42). These lap genes could have 
been upregulated at each successive concentration of the dicamba gradient to promote faster 
biofilm formation. P. fluorescens could then further develop tolerance mechanisms or fitness-
restoring compensatory mutations (43) from within the safety of the biofilm. Biofilm formation 
also likely contributed to the “pulse-like” growth pattern, in which P. fluorescens dispersed into 
more concentrated regions of dicamba, slowed to produce biofilm when conditions became too 
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unfavorable for continued dispersal and quickly dispersed into the next region of the plate after 
sufficient biofilm had been created. 
Derived isolates achieved higher maximum growth rates than ancestral samples during 
subsequent exposure to dicamba. Derived isolates generally had lower maximum growth rates 
than the ancestral isolates in the absence of dicamba (FIG 3.2), however the difference was not 
statistically significant. This observation could be indicative of the fitness cost of tolerance, as 
previous research indicates bacterial resistance often comes at the cost of a reduced growth rate 
(44).  
Derived isolates had a greater maximum growth rate than ancestral in subsequent 
exposure to 2 mM dicamba,  indicating development of increased dicamba-tolerance, where the 
benefit conferred by the tolerance mechanism outweighed the cost of developing the mechanism. 
Isolates collected from the MEGA plate at 6-8 mM dicamba (col4-col5) were unsuccessful at 
growing at those concentrations in the subsequent liquid-media analysis. Some possible 
explanations for this discrepancy are: a) isolates growing in 6-8 mM dicamba on the MEGA 
plate were not sufficiently adapted to those concentrations, but instead were embedded in a 
biofilm that conferred tolerance to the herbicide (therefore losing this tolerance when the 
biofilms were broken apart prior to liquid analysis) b) dicamba has a greater effect on P. 
fluorescens in liquid media, potentially due to more frequent interaction with molecules of the 
herbicide compared to solid media c) the micro-well environment of the subsequent sample 
analysis exacerbated the effects of dicamba by limiting the ability of P. fluorescens to swim to 
areas of lower herbicide concentration. Bacteria release reactive oxygen species (ROS) upon 
dying (45,46) and these ROS cascades could act as a positive feedback loop in a contained 
micro-well environment by triggering bacterial programmed cell-death (47) d) dicamba did not 
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fully diffuse up to 6 or 8 mM concentrations from the base-layer of the media before P. 
fluorescens reached these respective columns 
Derived samples demonstrated shorter lag phases than ancestral samples at all subsequent 
dicamba concentrations. The lag phase duration data was potentially complicated by variable 
sample-collection volumes (48), temperature fluctuations across the MEGA plate (49) and 
asynchronous growth cycle stages at the time of collection (50). Despite this variability, our data 
corroborate previous research on preadaptation (49) in that all derived isolates, which were pre-
adapted to dicamba, exhibited shorter lag phases than ancestral isolates during subsequent 
exposures to the herbicide. Derived isolates still had shorter lag phase durations than the 
ancestral even in subsequent growth in dicamba-free media. This suggests the derived isolates 
had developed a mechanism for a generally reduced lag phase duration, regardless of the 
subsequent-exposure concentration. During lag phase, P. fluorescens senses its environment and 
undergoes transcriptional changes to facilitate the production of enzymes and proteins necessary 
for rapid cell-division and metabolic activities in the exponential phase (51). The shorter lag 
phases demonstrated by derived samples is indicative that these isolates are either more rapidly 
producing replication machinery, or more rapidly sensing their environment compared to the 
ancestral isolates.  
MEGA plate isolates were more susceptible to antibiotics compared to the parent strain 
and unable to produce fluorescent pigment. Previous research indicates that herbicide-
resistant communities are a source of antibiotic-resistant organisms (16). However, none of the 
MEGA plate isolates were able to grow above MIC concentrations of ciprofloxacin or 
gentamicin and all MEGA plate isolates took longer to appear at sublethal concentrations of both 
antibiotics compared to the parent strain from which they descended from prior to growth on the 
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MEGA plate. This increased susceptibility does not seem to be a property of the dicamba 
gradient, as both ancestral and derived isolates displayed identical growth appearance times, but 
more a product of growth on the MEGA plate. A potential explanation for this involves biofilms 
and the heterogeneous populations within. Biofilms are produced by relatively few members of a 
bacterial population that secrete extracytoplasmic proteins and polysaccharides to form a matrix. 
As a result, biofilms can harbor many individual bacteria that are susceptible to the conditions 
outside of the biofilm and are therefore only able to persist by remaining in the biofilm. These 
bacteria are subject to stress-induced mutagenesis and can develop hypermutator mutations, 
facilitating rapid proliferation into the various micro-niches within the biofilm space (52).  There 
was an extensive biofilm over the surface of the MEGA plate at the time of sampling and it is 
likely that many of these hypermutator bacteria were collected while sampling. Prior to 
cryogenic storage, all isolates were incubated overnight in a nutrient rich environment, which 
probably influenced competitive dynamics between the different bacteria in each sample. 
Because of their ability to rapidly proliferate within the biofilm, it is probable that the 
hypermutator bacteria within the sample were able to outcompete (or at least become 
quantitatively dominant) the more resistant, slower growing bacteria that were actually 
producing the biofilm at each dicamba concentration. Gentamicin inhibits bacterial protein 
synthesis and ciprofloxacin inhibits DNA replication, both necessary and frequent processes in 
actively diving bacterial cells (53). Therefore, it is possible that all of the MEGA plate isolates 
were more susceptible to these antibiotics than the parent strain because they were in exponential 
phase for longer than the parent isolates and therefore were more susceptible to inhibition.  
 None of the MEGA plate isolates demonstrated the ability to produce pigment during 
subsequent cultivation attempts, suggesting that either the production of siderophores was 
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selected against on the MEGA plate, or that the collected isolates are not P. fluorescens, but 
rather a contaminating organism. P. fluorescens produces pigmented siderophores to chelate 
metal iron in iron-deficient environments (26). The MEGA plate media did not have a limiting 
amount of iron, so it is possible that, over the course of 12 days, siderophore production was lost 
in all isolates as an energy conservation strategy. Also, the extensive biofilm across the surface 
of the plate probably facilitated iron transport, reducing the need for siderophore production so 
long as P. fluorescens remained within the biofilm architecture. Ongoing genetic analyses aim to 
confirm the identity of the isolates, however the probability that our samples are contaminating 
organisms is low considering the selective pressures of cetrimide and cycloheximide in the 
media and the observation that all growth came from within the initial propagating front of P. 
fluorescens.  
In summation, P. fluorescens propagated from points of inoculation, across a 0 – 8 mM 
spatiotemporal gradient of dicamba in a heterogeneous, pulse-like pattern. Isolates collected 
from 2 – 8 mM dicamba attained higher maximum growth rates and shorter lag phase durations 
during subsequent exposure to the herbicide in liquid media. This was potentially due to changes 
in gene regulation and/or mutation. Exposure to a dicamba gradient increased the susceptibility 
of P. fluorescens to ciprofloxacin and gentamicin on solid media and decreased the production of 
fluorescent siderophores. Higher maximum growth rates and shorter lag phase durations 
conferred fitness advantages to derived isolates during subsequent exposures to dicamba and 
would likely alter competitive dynamics in microbial communities treated with dicamba 
herbicide formulations. Ongoing comparative genomic analyses between isolates as well as 
descriptions of evolved physiological traits, such as antibiotic resistance profiles in liquid media 
or at different times following herbicide-exposure, may help resolve both mechanisms of 
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adaptation and subsequent physiological changes. Furthermore, visual analyses of the isolates via 
scanning electron or transmission microscopy would assist in determining the effect of dicamba 
exposure on membrane stability, or porin/efflux pump composition. The MEGA plate 
methodology facilitated spatiotemporal adaptation by providing a large selective landscape and 
permitting visual analysis of growth patterns.  Resolving these mechanisms of adaptation of P. 
fluorescens and other common soil bacteria will be essential in comprehensively assessing the 
risk of future dicamba applications on the soil microbiome and thus overall health of crop 
ecosystems. 
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 Currently, DNA has been extracted from all of the MEGA plate isolates analyzed in 
Chapter 3 using a DNeasy® Blood & Tissue kit and stored at -20°C. With these extracts, we 
hope to compare both 16S gene sequences and whole genome sequences between our isolates 
and P. fluorescens strain 13525. We will use the 16S alignments to first confirm that our isolates 
are P. fluorescens (as opposed to a contaminating species) and the whole genome sequence data 
to look for genetic differences between derived, ancestral and parental P. fluorescens. We will 
also scan for any changes in gene regions encoding tolerance mechanisms, such as the lap 
operon which encodes genes for biofilm attachment in Pseudomonas. Also, we will scan our 
derived isolates for any genetic changes that have sequence similarities close to genes that 
encode dicamba-degrading enzymes, such as Dicamba Monooxygenase in Pseudomonas putida. 
The MEGA plate system is useful for wide variety of research topics. One avenue of 
future research involves the use of alternative stressors (rather than herbicides). Such stressors 
include metal oxide nanoparticles such as nanoparticulate zinc oxide and silver oxide and 
industrial contaminants such as PCB’s and PFOA’s. Competitive dynamics of multiple bacterial 
species would also make an interesting basis for future research: for example, inoculating the 
MEGA plate with whole-microbial communities rather than one strain to visualize competitive 
strategies, or placing beneficial soil microbes and pathogenic fungi on the same landscape to 
study allelopathy. Additionally, it would be interesting to explore bacterial responses to different 
topographical obstacles using the MEGA plate. For example, creating agar bridges, channels or 
valleys as obstacles for bacterial growth toward a center-region of high nutrient density and 





 P. fluorescens is of critical importance in a well-functioning rhizosphere due to its ability 
to bolster plant immune responses through inducing systemic resistance, antagonizing plant-
pathogenic fungi and bacteria through the production of antifungals and antibiotics such as 
chitinase and mupirocin and solubilizing inorganic phosphate. This work demonstrated that P. 
fluorescens responds to a spatiotemporal gradient of the herbicide dicamba by increasing 
maximum growth rate, decreasing lag duration and decreasing pigment production during 
subsequent dicamba-exposures. These responses come at the cost of an increased susceptibility 
to the antibiotics ciprofloxacin and gentamicin compared to P. fluorescens without dicamba-
exposure. Shorter lag phases with greater maximum growth rates confer a competitive advantage 
to P. fluorescens over other rhizobacteria, suggesting that dicamba applications may alter 
rhizobacterial community structures.  
We constructed and optimized a Microbial Evolutionary Growth Arena heated by an 
electrically stable, safe and customizable heating system. Using this system, we demonstrated 
that P. fluorescens isolated from 2-8 mM dicamba regions of a spatiotemporal gradient exhibited 
higher maximum growth rates and shorter lag phase durations than P. fluorescens isolated from 
dicamba-free regions of the same gradient. This was likely due to changes in gene regulation, 
hypermutation and/or production of biofilm. Future experiments could improve on this work by 
collecting isolates immediately after the propagating front expands into a new region of the 
selection gradient, to minimize the effect of sample-age and biofilm formation on subsequent 
experiments. This study could have also benefitted from HPLC analyses of MEGA plate media 
to measure dicamba diffusion (and therefore confirm gradient concentrations) and chlorine 
production. Understanding the indirect effects of herbicide application on P. fluorescens and 
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other soil bacteria is significant in preserving the integrity of the rhizosphere, which is crucial for 







APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 3 
 
PHYSICAL MODIFICATIONS TO THE MEGA PLATE 
 
 The MEGA plate setup was constructed as previously described by Baym et al., with the 
following modifications: The original 24” x 48” plexiglass lid was replaced with a 24”x48” glass 
lid. The thicker glass lid was easier to work with due to its inflexibility and more adequately 
sealed the MEGA plate due to the increased weight. 
 





PRE- AND POST-TRIAL CLEANUP AND STERILIZATION 
 
 The MEGA plate was filled with 15 L of 10% bleach solution for 48 hours prior to the 
experimental run. Both the interior and exterior surfaces of the lid were wiped down with 10% 
bleach solution and hydrogen peroxide. Contaminated waste was separated into multiple double-
bagged autoclave bags and autoclaved for one 90-minute sterilization cycle. Autoclaved waste 
was also sampled and streaked on a nutrient agar plate to confirm sterility prior to disposal in 
municipal waste. 
CONFIRMING NORMALITY AND HETEROGENEITY OF VARIANCES FOR DERIVED AND 
ANCESTRAL SAMPLES  
 
All sample triplicates were checked for a normal distribution for both maximum growth rate 
(TABLE A 1) and lag duration (TABLE A 2) using a Shapiro-Wilk’s test. Homogeneity of 
variances for each triplicate was confirmed using a Levene’s test, which yielded p-values of 
0.2747 and 0.359 for maximum growth rate and lag phase duration, respectively. 
 
TABLE A 1: Shapiro-Wilk’s test for normality of mumax. Result p-values are listed for each sample at 
each dicamba concentration. The test could not be computed for “col3” and “col4” samples because each 
had one replicate that did not meet analysis criteria (leaving an n=2). These samples were visually 
assessed for normality. p-values less than 0.05 indicate non-normal data. 
Dicamba concentration (down)/ Sample ID (right) col1 col2 col3 col4 col5 
0 mM 0.8324 0.9555 0.3376 0.5786 0.1069 
2 mM  0.6813 0.2209 0.09296 0.7494 0.3772 






TABLE A 2: Shapiro-Wilk’s test for normality of lag duration. Result p-values are listed for each sample 
at each dicamba concentration. The test could not be computed for “col3” and “col4” samples because 
each had one replicate that did not meet analysis criteria (leaving an n=2). These samples were visually 
assessed for normality. p-values less than 0.05 indicate non-normal data 
Dicamba concentration (down)/ Sample ID (right) col1 col2 col3 col4 col5 
0 mM 0.8665 0.4008 0.1123 0.2967 0.5346 
2 mM  0.9349 0.4659 0.2701 0.5176 0.5854 






FIG A 2: Photograph of MEGA plate surface during sample collection. Yellow points indicate sampling 




FIG A 3: NMR analysis determining dicamba purity. The each of the nine peaks (orange arrows) 




FIG A 4: High-resolution NMR results for determining dicamba purity. The small, leftmost peak is 











R CODE FOR CHAPTER 3 DATA ANALYSIS 
--- 
title: "growthratesAnalysis" 
author: "Joseph Nasta" 


























ggplot(data, aes(x=as.factor(xid), y=y, fill=fill)) +  
ylim(0,100) +  
ggtitle("Mean Lag Phase Duration per PF Sample vs Dicamba concentration")+ 
geom_bar(position=position_dodge(), stat="identity", colour='black') + 






ggplot(data, aes(x=as.factor(xid), y=y, fill=fill)) +  
ylim(0,1)+ 
ggtitle("Mean Maximum Growth Rate per PF Sample vs Dicamba concentration")+ 
geom_bar(position="dodge", stat="identity", colour='black') + 






(ggboxplot(data, x = "Sample_ID", y = "mumax", width = .2)+ 
stat_compare_means(method = "anova", label.y = y.label.height)+ # Add global p-value 
ggtitle(title))+ 
labs(x = "Sample ID", y = expression(paste("Max Growth Rate( ",Delta,"OD"[600],"/Hr)"))) 
} 
anc.compare.lag<-function(data,title){ 
(ggboxplot(data, x = "Sample_ID", y = "lag", width = .2)+ 















#Formatting datasets (create a dataframe without the blanks, introduce columns for dicamba 
treatment in mM) 
```{r, echo=F} 






each=2991),rep(c("0mM","4mM","6mM","8mM"), each=2991), rep(c("2mM","4mM","6mM"), 




each=2991),rep(c("col5","col1","col3","col5"), each=2991), rep(c("cryo","col2","col4"), 
each=2991), rep(c("col1","col3","col5"), each=2991)) 





#Create Outlier adjusted Dataset 
```{r, echo=F} 
#Outliers removed, interpolated to position the function's frame in the correct location 
newdata.outlier.rm<-newdata[!(newdata$Well %in% c("E9","D12","E10","D11")), ] 
newdata.outlier.rm<-subset(newdata.outlier.rm, Time.hrs. <= 24 & Time.hrs. > 1.667 ) 
newdata.outlier.rm$value[newdata.outlier.rm$Well == "D10" & newdata.outlier.rm$Time.hrs.> 
0 & newdata.outlier.rm$Time.hrs. < 45] <- 0.099 
newdata.outlier.rm$value[newdata.outlier.rm$Well == "A7" & newdata.outlier.rm$Time.hrs.> 
0 & newdata.outlier.rm$Time.hrs. < 4.585] <- 0.092 
``` 
#Fit linear models to adjusted data 
```{r,echo=F} 
fits.out.rm<-all_easylinear(data= newdata.outlier.rm, time= "Time.hrs.", y="value", 
grouping=c("Well","Dicamba_conc","Sample_ID"),h=17,quota=.99) 
``` 
#plot adjusted dataset 
```{r,echo=F} 
par(mfrow = c(3, 1)) 
par(mar = c(1,1,2.8,1)) 
plot(fits.out.rm,ylim=c(0,1)) 
``` 
#Creating data subsets for results w/o outliers (full and .9 R2) and results without cryo (full and 
.9R2) 
```{r, echo=F} 
#Outliers removed data 
results.out.rm <- results(fits.out.rm) 
results.out.rm$Sample_ID_num<-as.numeric(gsub("col","",results.out.rm$Sample_ID)) #create 
integer column for PFSample  
results.out.rm$Dicamba_conc_num<-as.numeric(gsub("mM","",results.out.rm$Dicamba_conc)) 
#create integer column for Dicamba Conc 











results.out.rm_nocryo_90 <- results.out.rm[results.out.rm$Sample_ID!="cryo",] 
results.out.rm_nocryo_90$lag[results.out.rm_nocryo_90$r2<.90]<-NA 
results.out.rm_nocryo_90$mumax[results.out.rm_nocryo_90$r2<.90]<-NA 



























































#no cryo 90r2 ANOVAs 
```{r, echo=F} 
res.aov.mumax.nocryo <- aov(mumax ~ Dicamba_conc:Sample_ID, data = 
results.out.rm_nocryo_90) 
summary(res.aov.mumax.nocryo) 








#R2=.90 Levene test to test homogeneity of variances (want no significance) 
```{r,echo=F} 
leveneTest(mumax ~ Dicamba_conc*Sample_ID, data=results.out.rm_nocryo_90) 
leveneTest(lag ~ Dicamba_conc*Sample_ID, data=results.out.rm_nocryo_90) 
``` 




anc.compare.mumax(test.data0mM,title="Maximum Growth Rate vs Sample in 0mM 
Dicamba",.84) 
anc.compare.mumax(test.data2mM,title="Maximum Growth Rate vs Sample in 2mM 
Dicamba",.62) 
anc.compare.mumax(test.data4mM,title="Maximum Growth Rate vs Sample in 4mM 
Dicamba",.62) 
#anc.compare.mumax(test.data6mM,title="Maximum Growth Rate vs PFSample Column in 
6mM Dicamba",.6) 
#anc.compare.mumax(test.data8mM,title="Maximum Growth Rate vs PFSample Column in 
8mM Dicamba",.6) 
``` 
#comparing all lags to the ancestral (col1) 
```{r,echo=F} 
anc.compare.lag(test.data0mM,title="Lag Phase Duration vs Sample in 0mM Dicamba") 
anc.compare.lag(test.data2mM,title="Lag Phase Duration vs Sample in 2mM Dicamba") 
anc.compare.lag(test.data4mM,title="Lag Phase Duration vs Sample in 4mM Dicamba") 
#anc.compare.lag(test.data6mM,title="Lag Phase vs PFSample Column in 6mM Dicamba") 
#anc.compare.lag(test.data8mM,title="Lag Phase vs PFSample Column in 8mM Dicamba") 
``` 









=="6mM"|results.out.rm_nocryo_90$Dicamba_conc =="8mM",], x = "Dicamba_conc", y = 
"mumax", color = "Sample_ID", main=" Mean Max Growth Rate per Sample vs Dicamba 
Concentration ", width =0.45)+  
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labs(x = "Dicamba Concentration", y = expression(paste("Max Growth Rate( 
",Delta,"OD"[600],"/Hr)")))+ 
geom_text(x=1,y=.83, label="p = 0.36")+ 
geom_text(x=2,y=.83, label="p = 0.00021")+ 










=="6mM"|results.out.rm_nocryo_90$Dicamba_conc =="8mM",], x = "Dicamba_conc", y = 
"lag", color = "Sample_ID", main="Lag Phase Duration per Sample vs Dicamba 
Concentration", width =0.45)+  
labs(x = "Dicamba Concentration", y = "Lag Phase Duration (hrs)")+ 
geom_text(x=1,y=18, label="p = 3.15e-05")+ 
geom_text(x=2,y=18, label="p = 2.2e-09")+ 











=="6mM"|results.out.rm_nocryo_90$Dicamba_conc =="8mM",], x = "Dicamba_conc", y = 
"lag", color = "Sample_ID", width =0.45)+  
labs(x = "Dicamba Concentration", y = "Lag Duration (hrs)")+ 
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geom_text(x=1,y=18, label="p = 3.15e-05")+ 
geom_text(x=2,y=18, label="p = 2.2e-09")+ 












=="6mM"|results.out.rm_nocryo_90$Dicamba_conc =="8mM",], x = "Dicamba_conc", y = 
"mumax", color = "Sample_ID", width =0.45)+  
labs(x = "Dicamba Concentration", y = expression(paste("Max Growth Rate( 
",Delta,"OD"[600],"/Hr)")))+ 
geom_text(x=1,y=.83, label="p = 0.36")+ 
geom_text(x=2,y=.83, label="p = 0.00021")+ 









ARDUINO CODE FOR THE MEGA PLATE HEATING SYSTEM 
 




#include <Wire.h>  
#include <string.h> 
 
//Data wire is plugged into pin 9 on the Arduino 
#define ONE_WIRE_BUS 9 
String dataString;  
 
//Setup a oneWire instance to communicate with any oneWire device 
OneWire oneWire(ONE_WIRE_BUS); 
 
//Pass our oneWire reference to Dallas Temperature 
DallasTemperature sensors(&oneWire); 
 
//define variables for data logger 
#define LOG_INTERVAL 1000 
#define ECHO_TO_SERIAL 1 
#define WAIT_TO_START 0 
 




//identify the SD card pin 
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const int chipSelect = 10; 
 
//the logging file 
File myFile;  
 
 
//Numerate and name relay pins 
const int relayPin1 = 2; 
const int relayPin2 = 4; 
const int relayPin3 = 6; 
const int relayPin4 = 8; 
 
 
void setup(void) { 
 dataString.reserve(4); 
  pinMode(10, OUTPUT); 
 
  Serial.begin(9600); 
  Serial.println("card initialized."); 
 
  sensors.begin(); 
  Serial.print(sensors.getDeviceCount(), DEC); 
   // SET UP SD CARD FOR WRITING 
  if (!SD.begin(chipSelect)) { 
    Serial.println("initialization failed!"); 
    return; 
  } else { 
    Serial.println("SD card initialized"); 
    myFile = SD.open("temper1.txt", FILE_WRITE);    // open file for writing 
    if (myFile) {  // if file can be opened, write to it 
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      Serial.print("temper1.txt file opened for writing"); 
      myFile.close(); 
    } else {  // if not, show an error 
      Serial.println("ERROR: not able to open temperature.txt"); 
    } 
  }   
  
  //Set pins going to the relay as outputs, set the default state of the pins to off 
  pinMode(relayPin1,OUTPUT); 
  pinMode(relayPin2,OUTPUT); 
  pinMode(relayPin3,OUTPUT); 
  pinMode(relayPin4,OUTPUT); 
  digitalWrite(relayPin1,LOW); 
  digitalWrite(relayPin2,LOW); 
  digitalWrite(relayPin3,LOW); 
  digitalWrite(relayPin4,LOW); 
} 
void loop(void) { 
  sensors.requestTemperatures(); // Send the command to get temperatures 
   dataString = ""; 
   dataInt = 0; 
  // call sensors.requestTemperatures() to issue a global temperature 
  // request to all devices on the bus 
 // Serial.print(" Requesting temperatures..."); 
  sensors.requestTemperatures(); // Send the command to get temperatures 
//  Serial.println("DONE"); 
 
 Serial.print("Temperature for Device 1 is: "); 
 if(sensors.getTempCByIndex(0) < 0){ 




  else{ 
    dataInt = sensors.getTempCByIndex(0); 
  } 
 
  Serial.print(floatToString(test, dataInt, 1, 5));  
    
 writeDataToCard(counterTemp, dataInt); 
 counterTemp++; 
   
  //Turn on relays 1 and 2 for 300 seconds, half second delay in between activations 
  digitalWrite(relayPin1,HIGH); 
  delay(500); 
  digitalWrite(relayPin2,HIGH); 
  digitalWrite(relayPin3,LOW); 
  digitalWrite(relayPin4,LOW); 
  delay(300000); 
 
  //Turn on relays 3 and 4 for 300 seconds, half second delay in between activations 
  digitalWrite(relayPin1,LOW); 
  digitalWrite(relayPin2,LOW); 
  digitalWrite(relayPin3,HIGH); 
  delay(500); 
  digitalWrite(relayPin4,HIGH); 
  delay(300000);  
 
  //Turn off all relays 
  digitalWrite(relayPin1,LOW); 
  digitalWrite(relayPin2,LOW); 
  digitalWrite(relayPin3,LOW); 
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  digitalWrite(relayPin4,LOW); 
  delay(1000); 
 
} 
void writeDataToCard(int time, float dataInt) { 
  myFile = SD.open("temper.CSV", FILE_WRITE); 
  myFile.print(time); 
  myFile.print(", "); 
  myFile.print(floatToString(test, dataInt, 1, 5)); 
  myFile.print("\n"); 






char * floatToString(char * outstr, double val, byte precision, byte widthp){ 
  char temp[16]; 
  byte i; 
 
  // compute the rounding factor and fractional multiplier 
  double roundingFactor = 0.5; 
  unsigned long mult = 1; 
  for (i = 0; i < precision; i++) 
  { 
    roundingFactor /= 10.0; 
    mult *= 10; 
  } 
   
  temp[0]='\0'; 
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  outstr[0]='\0'; 
 
  if(val < 0.0){ 
    strcpy(outstr,"-\0"); 
    val = -val; 
  } 
 
  val += roundingFactor; 
 
  strcat(outstr, itoa(int(val),temp,10));  //prints the int part 
  if( precision > 0) { 
    strcat(outstr, ".\0"); // print the decimal point 
    unsigned long frac; 
    unsigned long mult = 1; 
    byte padding = precision -1; 
    while(precision--) 
      mult *=10; 
 
    if(val >= 0) 
      frac = (val - int(val)) * mult; 
    else 
      frac = (int(val)- val ) * mult; 
    unsigned long frac1 = frac; 
 
    while(frac1 /= 10) 
      padding--; 
 
    while(padding--) 




    strcat(outstr,itoa(frac,temp,10)); 
  } 
 
  // generate space padding  
  if ((widthp != 0)&&(widthp >= strlen(outstr))){ 
    byte J=0; 
    J = widthp - strlen(outstr); 
     
    for (i=0; i< J; i++) { 
      temp[i] = ' '; 
    } 
 
    temp[i++] = '\0'; 
    strcat(temp,outstr); 
    strcpy(outstr,temp); 
  } 
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EDUCATION STATE UNIVERSITY OF NEW YORK COLLEGE OF ENVIRONMENTAL 
SCIENCE AND FORESTRY, SYRACUSE, NY 
Bachelor of Science / Environmental Biology, May 2017  
 Achieved Cumulative GPA of 3.3 
 Achieved placement on the President's List, Fall 2016  
 Designed, executed and presented a study on the effects of motor oil pollution on 
Polyphemus pediculus at Cranberry Lake Biological Field Station 
 
STATE UNIVERSITY OF NEW YORK COLLEGE OF ENVIRONMENTAL 
SCIENCE AND FORESTRY, SYRACUSE, NY 
Master of Science / Environmental and Forest Biology, July 2019 
 Achieved Cumulative GPA of 4.0 
 Awarded full-time Graduate Assistantship 
 Studied spatiotemporal evolution and the development of dicamba tolerance in 
Pseudomonas fluorescens 
 Extensive training in laboratory techniques, including RT-qPCR, microbiological 
media preparation, aseptic techniques, DNA-quantification, bacterial culture 
management, identification and testing, use of a sonicator and absorbance plate 
reader 
 Educated undergraduates on microbiological lab techniques, designed laboratory 
activities to reinforce learning objectives 
 Conceptualized, designed and created a custom automated heating system to 
maintain a controlled environment using an Ardunio microcontroller and self -taught 
programming skills 




WORK EXPERIENCE SUNY RESEARCH FOUNDATION, SYRACUSE, NY 
Research Project Assistant, May 2017 - Aug 2017, May 2018 – Aug 
2018  
 Carried out vacuum filtration of water samples utilizing proper 
aseptic technique 
 Extracted environmental DNA from water sample filtrates  
 Analyzed eDNA extracts using RT-qPCR assays 
 Compiled eDNA results using Excel and RStudio to identify 




CENTENNIAL HALL, SYRACUSE, NY 
Resident Assistant, Aug 2015 - Present  
 Enforced rules and regulations to ensure the smooth and orderly 
operation of dormitory programs 
 Counseled students in the handling of issues such as family, 
financial and educational problems 
 Developed and coordinated educational programs for residents  
 Chaperoned group-sponsored trips and social functions 
 Directed and participated in on- and off-campus recreational 
activities for residents of institutions, boarding schools, 
fraternities or sororities, children's homes, or similar 
establishments 
 Promoted interaction and construction of social networks between 
the community and residents 
  
ECYBERMISSION, SYRACUSE, NY 
eCybermission Mentor, Oct 2017 - May 2018 
 Mentored local middle-school students on the scientific process 
 Designed, executed and submitted a bioremediation project for a 
national middle-school science fair competition 
 
SUNY-ESF ANNUAL FUND, SYRACUSE, NY 
Fund Caller, Oct 2014 - May 2015  
 Contacted alumni to increase awareness of collegiate causes, 
activities or needs 
 Created or update donor databases 
 Identified and built relationships with potential donors  
 Secure commitments of participation or donation from individuals 
or corporate donors 
 
 
ADDITIONAL        
SKILLS 
 Excels at creating and maintaining team morale  
 Effective at accomplishing goals in an organized and timely 
manner 
 Quickly learns new information on the job and adapts accordingly  
 Possesses a high level of confidence regarding public 
presentations, including set-up, speeches and general facilitation 
 Fluent in the use of Microsoft office products 
 Fluent in the use of R and RStudio  
 Fluent in the use of Arduino programming 











 Poster-presented Master’s research at the American Society for 
Microbiology Eastern Branch Meeting, October 2018 
 Completed six-week Emerging Leaders Workshop Series 
 Certified NYS Project WET Educator 
 Certified NYS Project WILD Educator 
 Certified NYS Project Learning Tree Educator  
 Elected President of the Syracuse University Swing Club from 
2016-2017. Personally carried out budgeting, event-planning, 
instruction and recruitment for the club 
 Lead member of the Syracuse University Boxing Club and Past-
times Athletic Center Boxing Club 
  
  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
